DFT study of three-centered hydrogen bond in DNA base pairs. by Chiu, Lai Fan. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
DFT Study of Three-centered Hydrogen Bond in DNA Base Pairs 
CHIU Lai Fan 
A Thesis Submitted in Partial Fulfilment 
of the Requirements for the Degree of 
Master of Philosophy 
in 
Chemistry 
© The Chinese University of Hong Kong 
December 2004 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use or whole of the materials in the thesis in a proposed 
publication must seek copyright release from the Dean of the Graduate School. 
統系馆書圖 
8 1  
"“~UNIVERSITY“ 
S Y S T E I ^ ^ 
M A S T E R OF PHILOSOPHY (2004) The Chinese University of Hong Kong 
(Chemistry) 
TITLE: DFT S T U D Y OF THREE-CENTERED H Y D R O G E N B O N D IN D N A 
BASE PAIRS 
A U T H O R : CHIU Lai Fan 
SUPERVISOR: Professor A U - Y E U N G Chik Fun Steve 
N U M B E R OF PAGES: 73 
ii 
Abstract 
Three-centered hydrogen bonds (TCHBs) are often found in crystal and 
solution structures of a number of biologically relevant systems. Compared to the 
large amount of data available on two-centered hydrogen bonds characterization, 
relatively few biological systems that have been studied provide insights on the 
characterization of TCHBs. However, it is believed that their presence not only 
contributes to the flexibility of DNA，but could also serve as a possible pathway for 
interbase proton transfer along D N A sequence and consequently may affect its 
integrity. The purpose of this work is to develop a set of characterization indexes for 
the identification of TCHBs in D N A using a computational chemistry approach. 
Based on this set of characterization indexes, the effect of interbase proton transfer on 
the strength of hydrogen bonds is also studied. 
For the computational studies, six D N A A A dimers were extracted from the 
solution structure of a D N A dodecamer d(GGCAAAAAACGG ) 2 . Based on the N B O 
analysis, a set of characterization indexes was successfully developed for the 
identification of TCHBs in DNA. Characterization indexes including 360 degree SAN 
rule, E(2) energy, Wiberg's bond index (WBI) and the scalar spin-spin coupling 
constant were applied. Results showed that all seven dimers conform to the 360 
degree rule. The small non-zero W B I value indicates a small covalency exists in the 
TCHBs. Both non-zero E(2) and the scalar spin-spin coupling constant demonstrated 
the measure of the interaction between hydrogen atom and the distinct acceptor is 
present. Hence, we concluded that the presence of TCHBs can be effectively 
characterized by the DFT method. An exponential relationship was observed between 
the T C H B E(2) energy and the TCHBs distance. A positive cooperative effect was 
iii 
observed for the intermolecular hydrogen bonds as the lengths of the D N A oligomer 
increases. Moreover, the remote control effect of interbase proton transfer on both 
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CHAPTER ONE 
INTRODUCTION AND BACKGROUND 
1.1 Introduction 
Hydrogen bonding was discovered almost 100 years ago (1.1). It remains one of 
the most important intermolecular interactions in the biological system (1.2) and has 
been studied extensively (1.33-1.35). Experimental and theoretical studies of 
compounds with the formation of hydrogen bonds (H-bonds) showed that it can play a 
significant role in a wide range of chemical and biological processes (1.3). It is well 
known, for example, that the formation of a hydrogen bond can produce large changes 
in the kinetics or mechanism of genetic information propagation (1.4). On the other 
hand, hydrogen bond plays an essential role on holding together the two 
complementary strands of deoxyribonucleic acid (DNA) double helix. The two 
strands are linked together by hydrogen bonds formed from one donor atom to 
another acceptor atom between Watson-Crick base pairs. In a normal situation, G is 
paired up with C through three conventional hydrogen bonds whereas for the A-T 
base pair, there are two. 
.N P……H2N N N H 2 - - O / 
r 存 一 b … — — h K 
NH2-----0 \ O \ 
G-C base pair A-T base pair 
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Currently, the nature of the hydrogen bond in D N A is of particular interest and 
has been explored by various experimental and theoretical methods (1.19, 1.23). In 
general, hydrogen bonding can be divided into several categories based on the number 
of proton acceptor. This chapter will briefly review the nature of two-centered 
H-bonds and three-centered H-bonds as well as their computational and experimental 
evidences. 
1.2 The nature of hydrogen bonding interactions 
A hydrogen bond is a kind of proton donor-acceptor interaction specifically 
involving hydrogen atoms. It is usually represented as A—H…B，where A is the 
hydrogen bond donor and B is the hydrogen bond acceptor. For the conventional type 
of hydrogen bond, A and B are electronegative atoms such as O and N. However, 
recent studies have shown, for example, that C-H group can form a weak 
non-conventional hydrogen bond in enzyme-substrate interactions, which is “softer” 
than N—H "0 and O—H "0 bonds (1.4). 
Hydrogen bonds are suggested to form when the electronegative atom A 
relative to atom H in an A-H covalent bond withdraw electrons and partially 
deshielded one proton (1.6). At least one lone-pair or polarizable n electron(s) should 
be available for the proton acceptor B in order to interact with this donor A—H bond. 
The commonly found hydrogen bond types in biological system include O一H" 0， 
O—H."N, N—H…O and N—H- N. An analysis of the interaction of hydrogen bond 
type is often decomposed into five major components including electrostatics, charge 
transfer, polarization, dispersion and exchange repulsion. 
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In general, hydrogen bonds are defined by some measurable criteria in terms 
of three concurring properties: 
1) Shortening in the hydrogen proton-acceptor distance compared with their 
individual van der Waals sum distances. 
2) Unusual energetic stability and, 
3) the donor-hydrogen-acceptor angle should be closed to 180®. 
Hydrogen bonding interaction can be sub-divided into three categories 
according to their energetic and geometric performance. Table 1.2.1 summarizes some 
common properties of strong, moderate, and weak H-bonds. It is suggested by Emsley 
that hydrogen bond energies which range between 15-40 kcal/mol are categorized as 
‘‘strong bonds，，，whereas that between 1-4 kcal/mol as ‘‘weak bonds" (1.7). 
Table 1.2.1 Properties of strong, moderate, and weak H-bonds following the 
categorization of Jeffrey (1.5) 
Strong Moderate Weak 
Bond length H...B (A) 1.2-1.5 1.5-2.2 >2.2 
Bond angels O 170- 180 > 130 > 90 
A—H versus H - B A — H « H - B A—H < H - B A—H « H - B 
Directionality Strong Moderate Weak 
Bond energy (kcal/mol)' 15-40 4- 15 <4 
Three-centered 
Examples HF complexes Alcohols 
bonds 
a suggested by Emsly (1.7) 
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1.3 Evidences of hydrogen bonding interaction 
To identify the existence of hydrogen bonding interactions in a system, three 
scalar quantities are commonly used. The A—H covalent bond length, the H…B 
hydrogen bond length and the distance between the two electronegative atoms A…B 
(1.6). A hydrogen bond is implicitly present when the distance between A and B is 
less than or equal to the sum of the van der Waals radii. For example, N M R analysis 
results show that the intermolecular N • O hydrogen bond in the structure of 
9-methyladenine is smaller than the van der Waals radii of 2.90A, with a measured 
bond distance of 2.87A (1.14 ). 
Experimentally, many different kinds of spectroscopic and nonspectroscopic 
(1.8) measurements are generally used for the determination of hydrogen bonds in 
biological system. Spectroscopic methods include infrared spectroscopy (IR), nuclear 
magnetic resonance (NMR) spectroscopy and X-ray diffraction have made rapid 
advances in recent years. Details of each spectroscopic method will be introduced in 
Section 1.4. 
1.4 Three-centered hydrogen bond 
Three-centered hydrogen bonds are generally considered as a long-range 
interaction. The group that involves hydrogen atom covalently bonded with the proton 
acceptor can bond to more than one acceptors B’ at the same time. When the H atom 
simultaneously bonds with two different proton acceptor atoms B and B’，a new 
three-centered hydrogen bond is formed (1.10). The schematic representation of a 
three-centered H-bond in D N A is shown in Fig. 1.4.1. 
4 
5’ / base / ^ ^ b a s e 7 
L / 
/ 7 7 
i base 1 ^ base , 5, 
two-centered H-bond 
three-centered H-bond 
Figure 1.4.1 Schematic representation of a three-centered H-bond in DNA. 
For convenience, proton acceptor atoms B/B’ is denoted as HB/B' in this thesis. 
01, 62, 63 are the three angles formed about the central H atom. 61 is the bond angle 
of the two-centered H-bond which is usually close to linear for the strong type 
hydrogen bond, whereas 92, 93 can only be estimated upon the formation of 
three-centered H-bond. Three centered H-bonds are usually unsymmetrical with a 
major and minor component that r(HB') > r(HB). 
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1.4.1 Literature review of three-centered H-bonds 
Three-centered H-bonds are particularly found in the solid state of many 
compounds, and in the crystal structures of a number of biological systems (Table 1.2). 
Compare with the remarkable amount of data available on two-centered H-bonds, 
only a few model systems have been studied focusing on investigating the strength of 
three-centered H-bonds (1.11). The general differences between two-centered 
H-bonds and three-centered H-bonds are listed in Table 1.4.1.1 
Table 1.4.1.1 Comparison between two-centered H-bonds and three-centered H-bonds 
Two-centered H-bond Three-centered H-bond 
Number of H acceptor(s) 1 2 
Strength Strong Relatively weak 
Bond length Narrow range Broad range 
Hydrogen bond angle Close to linear Deviate significantly 
from 180。 
Relative abundant in 
1 > 0.25 
biological system (1.27) 
Bureiko el al. have recently carried out spectroscopic studies of three-centered 
H-bonds of 2,6-disubstituted phenol derivatives in solution state (1.12). Results 
showed that the IR frequency shifts for the complexes between o-substituted phenols 
and C O could be elucidated by the formation of intermolecular three-centered 
H-bonds. Moreover, it was found that the bond strength of the original intramolecular 
two-centered H-bonds could be varied subsequently (1.12). 
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八 ^ N M H - - … N \ 
r ^ T ^ t 、、、、、、、Y 
、力 A ISMH……、N\ 
^ ^ 夕 。 、、、、、、；^ 
1 Three-center H-bond N _ h -N\ 
O 
2.6-disubstituted phenol derivative Example of D D D A A A complex 
Zimmerman and Murry have performed practical investigations of 
intermolecular three-centered hydrogen bonding in A A A D D D complexes (A, D = 
hydrogen-bonded acceptor and donor) (1.28). Using X-ray and N M R spectroscopy 
methods, it was demonstrated that the formation of two-centered H-bonds occurs 
much more readily than the three-centered one. 
Recently, ab initio calculations on some intramolecular three-centered 
H-bonds systems have also been undertaken. Rozas et al (1.29) studied the 
three-centered interactions in 1 -phenyl-3-(2-hydroxyphenylamino)-2-buten-1 -one and 
1,8-diaminonaphthalene derivatives using the hybrid Density Functional 
Theory-Hartree-Fock method with full geometric optimization. Based on the 
geometry, electron density, and interaction energies analysis, they concluded that 
three-centered H-bonds do exist in the systems. Energetically, however, they are 
weaker than the normal hydrogen bonds (1.29). 
Krivouruchka and coworkers (1.32) studied the complexes formed between 
N-(4-methyl-2-nitophenyl)acetamide and some protophilic solvents. Both the 
energetic and geometric parameters, including bond length, bond angle and stretching 
frequency have been investigated. Results show that the strength of intramolecular 
H-bond and the intermolecular three-centered H-bond changes in a reverse manner. 
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1.4.2 Review of three-centered H-bonds characterization 
The existence of three-centered H-bonds has been studied extensively in both 
experimental and theoretical ways. Several indicators are generally used to probe their 
existence. From the geometrical point of view, the degree of the H atom towards the 
plane formed by the surrounding three heavy atoms can be investigated, which has 
been commonly used as a criterion for the formation of three-centered H-bonds 
experimentally (1.30). Broad range of three-centered H-bond length is generally 
regarded as a secondary way to infer the three-centered H-bonds formation due to its 
weak nature. 
Apart from considering geometric parameters (Table 1.4.2.1), other parameters 
are also widely used, e.g. the interaction energy (AE), which is the energy difference 
between the cluster (E) and summation of the isolated molecules upon complexation. 
The energy of three-centered H-bonds is then estimated by dividing the corresponding 
possible number of three-centered H-bonds involved (1.13). 
Table 1.4.2.1 Summary of three-centered H-bond geometries of some small biological 
molecules (crystal structure) (1.14) 
Type of molecule Type of bond r(H〜B,) Q2(°) 
Carbohydrates (neutron) O—H.• .0 1.9-2.8 170-190 
Purines, pyrimidines O—H ' O 1.6 - 3.0 170 - 190 
N—H…O 1.7-3.0 170-190 
Nucleosides, nucleotides O—H • O 1.8 - 2.9 170-190 
N—H…O 1.7-3.0 170-190 
High level quantum mechanics calculations also provide an effective approach 
to the characterization of three-centered H-bonds in gaseous phase. With the advanced 
development of high speed computers, many large biological systems have been 
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studied theoretically. Natural Bonding Orbital (NBO) analysis accompanied with ab 
initio studies have broadly been chosen for quantitatively study of hydrogen bonding. 
Many quantum mechanic parameters can be obtained through the N B O analysis, e.g. 
Natural Population Analysis (NPA), Wiberg Bond Index, Milliken charge density, 
bond order, etc. A detail introduction will be covered in the following chapters. 
Recently, topological analysis of the electron density in hydrogen bonds is also 
available by employing the Atoms in Molecules (AIM) theory. AIM is broadly applied 
to the theoretical studies of molecules in the gas phase and in small clusters (1.16). To 
prove the existence of hydrogen bonding of a molecule, one should find a bond path 
formed between the two hydrogen bond involving atoms as well as the presence of the 
bond critical point (BCP) in the middle of the bond path. In fact, there are eight 
criteria within the AIM formalism. For a detailed discussion of these criteria, the 
reader is referred to ref. 1.31. By measuring the distance between a BCP and a ring 
critical point (RCP) on the resulting molecular graph, one can estimate the stability of 
the hydrogen bond (1.17). However, it remains extremely difficult to apply AIM 
theory to the study of large cluster, such as D N A trimers. 
暴講耀：斯 
AIM molecular graph showing the existence of BCP with (right) and without (left) the 
formation of three-centered H-bond (06…H2). (1.17) 
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As stated earlier, it is a widespread method to identify the presence of hydrogen 
bond with the aid of some spectroscopic techniques, which can be applied for the 
characterization of three-centered H-bond as well. 
For the IR spectroscopy, the proton donor A—H stretching vibration have been 
studied by identifying the frequencies in the absorption spectra, which are very 
sensitive to the formation of hydrogen bonds (1.1). Some of the IR spectral criteria for 
hydrogen bonding are summarized below. Experimental evidence shows that the 
extent of these changes actually depends on the strength of the hydrogen bonds. 
(I) A一H stretching frequency moves to lower frequencies; 
(II) Accompanied by an increase in intensity and band width; 
(III) A—H bending frequencies move to higher frequencies; 
(IV) A—H stretching frequency will be varied, with increase in intensity and 
decrease in band width, upon cooling; 
(V) Substitution of H by D lowers the A—H stretching frequencies by a factor of 
〜0.75. 
Another spectroscopic technique that has shown great potential in investigating 
the presence and strength of hydrogen bonds is the N M R method, which measures the 
degree to which the proton is shielded in terms of the proton chemical shift. The 
chemical shift provides proof of hydrogen bonding in both liquids and solids, and the 
magnitude obtained is quantitatively proportional to the strength of the hydrogen bond 
(1.5). Location of hydrogen atoms is essential to understand the nature of the 
hydrogen bond. However, hydrogen atoms cannot be observed by x-ray 
crystallography method, which exclusively determines the electron density 
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distributions of the heavy atoms. An additional simulation method is required in order 
to have full spatial position of the hydrogen atoms in the desire molecule. In the most 
accurate X-ray analyses, the H...B hydrogen bond lengths are generally too long 
compared with those from neutron analyses. 
In contrast to X-ray crystallography technique, N M R spectroscopy can provide 
more precise information on the location of hydrogen atoms inside a D N A molecule. 
Still the results of the two techniques for hydrogen atoms often differ by more than 
0.1 人（1.9). Therefore, N M R spectroscopy has been developed as a powerful tool for 
investigating molecular structure in the solution phase. 
X-ray crystal structure of A A steps N M R solution structure of C G base pairs 
Moreover, the extension of the A—H bond upon the formation of 
three-centered H-bond, the intensity as well as the vibrational frequencies behavior of 
the H…B bond, using the spectroscopic analysis are also widely used in the literature. 
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1.5 Cooperative effect 
One of the important phenomena associated with hydrogen bonding is the 
cooperative effect. In the late fifty, Frank and Wen had already suggested the presence 
of the cooperative effect between hydrogen bonds formed in small organic molecules 
(1.18). Currently, different definitions for the term “cooperativity” have been used by 
different authors (1.11) whose aims to explain its "contribution" on the hydrogen 
bonding cluster stability. In general, for example, when a hydrogen bond A—H...B 
forms part of a large cluster of hydrogen bonding molecules, its properties may 
diverge from those of the isolated A一H' B system. 
A1—H1"B1 A2—H2_"B2 A3—H3_B3 A4—H4"B4 
Cooperativity can be sub-divided into two categories: the positive cooperativity and 
the negative one. Positive cooperativity is considered as the strengthening on the first 
hydrogen bond when another new hydrogen bond is formed between the species 
involved in the previous hydrogen bond (1.11), whereas it is weakened when one has 
negative cooperativity. This phenomenon has already been observed in many organic 
and inorganic systems (1.20-1.21) using infrared spectroscopic investigations. 
Kleeberg (1.22) found that the cooperative effect of the O H vibrational frequency 
shifts in OH…OH…B alcohol complexes can significantly increase to about 123 %. 
The cooperativity effect can also be revealed through other ways (1.24-1.25). For 
example, theoretical studies done by King and Weinhold show that H C N can exert a 
large cooperative effect as the (HCN)n cluster size increases, with more than 90 % 
energies enhancement on the corresponding hydrogen bond (1.19). 
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1.6 Scope of this thesis 
Two-centered hydrogen bonds are believed to be the most commonly found 
interactions in all biological systems especially in nucleoside and nucleotides (1.14). 
It is believed that in nucleoside and nucleotides, three-centered H-bonds contribute 
more than 25 % among the hydrogen bonds found. A statistical study (1.15) of 
O一H...0 hydrogen bond with a distance cut-off of 3.0 人 from neutron analyses of 
carbohydrate structure, revealed that over a quarter of normal hydrogen bonds are 
three-centered. 
Bhattacharyya (1.16) used a fairly long distance cut-off of 3.2 A between the 
hydrogen and the acceptor atoms for the determination of three-centered H-bonds in 
the D N A structural analysis. 
Jeffery (1.5) has stated earlier that all hydrogen bonds may be characterized 
experimentally using classical spectroscopy techniques. These technique are however 
not suitable for investigating very weak three-centered H-bonds, due to the 
complexity and the inaccurate interpretation of the resulting spectrum. Moreover, 
x-ray analyses of large molecules which led to the van der Waals cut-off criterion in 
the A..B distance is ambiguous for the assignments of weak hydrogen bonds. 
W e believe that theoretical study can provide a possible alterative to address 
the nature of three-centered hydrogen bonding by removing the environmental 
perturbations. Much more attention has been focused on the role of three-centered 
H-bonds in the stability of biological molecules. To our knowledge, no theoretical 
studies have been reported on characterization of three-centered H-bonds in D N A 
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(nucleic acids) clusters so far. Furthermore, clear-cut correlations between 
three-centered H-bond energy and the three-centered H-bond geometry are currently 
not available. In the hope of better understanding the intrinsic character of 
three-centered hydrogen bonding interactions, high-level ab initio calculations with 
the inclusion of electron correlation effects were carried out. 
In this works, Weinhold's Natural Bond Orbitals (NBO) approach was 
employed. The initial focus would be put on developing a set of characterization 
indexes for the identification of three-centered H-bonds in DNA. Later on, effort 
would be spent on investigating the three-centered H-bonds strength in D N A dimer, 
trimer and tetramer models (the clustering effect). Lastly, the position of the protons 
involved in the three-centered H-bonds would be varied to mimic the very beginning 
stage of interbase proton transfer of D N A double helix. Towards the end, we would 
explore the role of proton transfer on three-centered H-bonds strength. 
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CHAPTER TWO 
THEORY AND METHODOLOGY 
2.1 Introduction 
Quantum mechanic (QM) calculations provide an important way of 
understanding the intrinsic nature of three-centered H-bonds without the presence of 
external perturbation such as solvent. 
Practically, quantum mechanic calculation is based on the Schrodinger's equation 
in which electrons are represented as wave-like particles. Mathematically, these 
wave-like particles are described by a set of wavefunctions (2,1). 
Schrodinger's equation : = E平 (2.1) 
For a multielectron system, is a many-electron wavefunction. To describe the 
motion of electrons,平 is determined by solving the Schrodinger equation. However, 
due to the failure in solving the many-electron Schrodinger equation, application of 
approximation methods are needed. To minimize the calculation variables generated 
from the Schrodinger equation, one of the approximations is to assume the motion of 
nuclei is constant and the many-electron wavefunction can be replaced by a product 
of one-electron wavefunctions. This approximation is then termed a Hartree-Fock (HF) 
approximation. 
HF neglects the electron motions correlation and treats each electron 
separately (2.2). However, inclusion of electron correlation is vital to obtaining 
accurate values of nucleobase energy. Therefore, more complicated electron 
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correlation “post-HF” methods are employed in order to achieve more accurate 
theoretical results. 
In recent years, a new class of Q M method called Density Functional Theory 
(DFT) has been successfully developed to cope with the limitation of the HF method. 
Many earlier studies (2.3-2.4) have demonstrated that DFT methods are suitable and 
necessary for the structure optimization of hydrogen bonding molecules, especially in 
DNA. Moreover, structural parameters computed from DFT method give close 
agreement with the experimental structural data. 
To study three-centered hydrogen bonding in D N A molecules, Natural Bonding 
Orbital theory (NBO) is suggested to be applied. N B O describes the formation of 
A—H...B hydrogen bond as the charge transfer from the lone pair of the proton 
acceptor to the vacant A-H antibonding orbital. The energy obtained from N B O 
analysis can be used as a quantitative way to estimate the relative strength of 
hydrogen bond. 
A brief introduction of each computation method used in this study will be 
presented in this chapter. A more detailed discussion of methodology will also be 
given where appropriate. 
2.2 Theory 
2.2.1 DFT 
The HF energy is the single-determinant eigenvalue of the electronic 
Hamiltonian. The electron-electron interactions integrals resulted form Coulombic 
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and exchange are neglected during calculation. Instead of focusing on waveflinctions 
and orbitals, DFT focuses on the electron density. It includes an approximate 
treatment of electron correlation and therefore is expected to be more accurate than 
Hartree-Fock theory. 
In Hartree-Fock theory the energy of a system is given as follows (2.12): 
E H F = y^{hP)^-{PJiP))--{PKiP)) (2.2) 
where 
V is the nuclear-nuclear repulsion energy, 
(hP) is the one-electron kinetic and potential energy, 
— (PJ{P)) is the classical electron-electron coulomb repulsion energy, and 
.2 
—�PK (P)) is the exchange energy resulting from the quantum nature of electrons. 
In principal, the energy based on density functional theory includes the same 
terms as the HF energy, which includes the nuclear, core and Coulomb terms. 
However, the last term in Hartree-Fock theory is replaced by two functionals, the 
E^[P] and E^[P] functionals. E^[P] is the exchange functional, which describes the 
c 
non-classical electron-electron exchange energies of the electrons while E [P] is the 
correlation functional that describes the correlated movement of electrons of different 
spin. 
Different approaches exist for the calculation of the exchange and correlation 
energy terms in DFT. Apart from using the pure DFT methods, hybrid functionals are 
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also available. Hybrid functionals consider a mixtures of DFT exchange-correlation 
and Hartree-Fock exchange energies as means to improve performance. 
In this study, a specific density functional theory - Becke's three-parameter 
hybrid functional (B3) with the 1991 nonlocal correlation functional of Perdew and 
Wang (PW91) is used (2.5). Becke-3-PW91 uses a different mixing scheme involving 
three mixing parameters provided by Becke: 
Exc = (l-0.8)*Ex(HF) + 0.8*Ex(LSDA) + 0.72*DEx(B88) + 0.81*Ec(PW91) 
+ 0.19*Ec(VWN) (2.3) 
where Local Spin Density Approximation (LSDA) is the local exchange Slater 
functional and the non-local correlation is provided by the Perdew 91 expression. The 
three highlighted constants are those determined by Becke and as used in B3LYP 
functional. 
Our selection of B3PW91 is based on the same bonding nature between our 
system and Barfield's (2.4), which has been demonstrated to be satisfactorily accurate 
in the study of D N A structures. Moreover, previous study done by our group has 
shown that B3PW91 is appropriate for the calculation of hydrogen bonding 
interaction in D N A systems. Nevertheless, B3PW91 has its merit in computational 
costs and accuracy for the calculation of such systems. 
To describe the hydrogen bonding system accurately in our work, 6-311G(d,p) 
polarization basis set has been used for the partial optimization. 
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2.2.2 Natural Bonding Orbital (NBO) 
Many methods have been used to analyze the energy of hydrogen bonding 
system, such as determining the interaction energy before and after complexation. 
Recently, much more efforts have been focused on evaluating the delocalization 
contribution of hydrogen bonding interaction, which is based on the Natural Bond 
Orbital (NBO) approach. 
N B O program performs the analysis by transforming a given waveflinction into 
localized form corresponding to the one-centered and two-centered elements which 
represent the "lone pair" and “bond’ elements respectively. Generally, the 
wavefunction is obtained based on the optimized structure. The NBOs are obtained as 
local block eigenfunctions of the one-electron density matrix having optimal 
convergence properties for describing the electron density. The set of high-occupancy 
NBOs corresponds to the "natural Lewis structure" of the molecule. 
N B O analysis comprises a suite of methods, including the determination of 
natural atomic orbitals (NAOs), natural hybrid orbitals (NHOs), natural bond orbitals 
(NBOs), and natural localized molecular orbirals (NLMOs). The analysis is carried 
out by making use of the input basis set. The occupancies of this localized basis set, 
which is complete and orthonormal, are mainly condensed in few areas. The 
Lewis-like bonds and lone pairs are likely to be found in the N B O case (2.7). 
N B O analysis provides a way to transform the canonical molecular orbitals in 
to orthonormal set of one and two-centered localized orbitals, which are analogous to 
traditional Lewis-type orbitals. Currently, there are two methods available in N B O 
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analysis for the estimation of the relative strength of intermolecular and 
three-centered hydrogen bonding interaction. One method is to estimate the energy 
lowering effect caused by the charge transfer interaction, and the other method is to 
determine the deletion energy, Edei. Edei can be found by deleting the specific 
off-diagonal <aFb> matrix elements of the effective one-electron Hamiltonian in the 
N B O input basis, followed by the recalculation of the SCF energy for a hypothetical 
system without such orbital interactions. And the loss of the stabilization energy is 
Edei. In this study, focus will be centered on investigating the energy lowing effect 
caused by the charge transfer interaction. 
N B O also makes use of the availability of 1-electron effective energy operator 
(Fock matrix) for the system. Estimation of bond energy can be obtained based on 
second-order perturbation theory. Two different classes of orbitals are divided during 
the N B O algorithm transformation, the high-occupancy "Lewis-type" orbitals and the 
low occupancy "non-Lewis-type" orbitals. Core orbitals, including unhydridized 
core-type N A O and valence lone pairs (LP) are referred to the "Lewis-type" orbitals; 
while o * and n * antibond belong to the latter orbital type (2.8). In general, N B O 
theory describes the formation of a A—H...B hydrogen bond as the charge transfer 
from the lone pair of the base B, riB, into the higher energy level, vacant antibonding 
orbital o *(AH). An energy parameter, E(2), can be obtained by looking at the remote 








where F is the effective orbital Hamiltonian si =〈5i|F|3i〉 and 
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Figure 2.2.2.1 Schematic diagram shows the energy lowing for the interaction 
between a filled bond ne and unfilled anibond o *AH 
21 
2.2.3 Spin-Spin Coupling Constants 
The theory of electron-coupled interactions between nuclear spins in a molecule 
proposed by Ramsey was used to obtain more information about the nuclear-spin 
coupling constants. According to Ramsey (2.9), three different types of interaction are 
involved via the electron cloud of the molecules: 1) the magnetic interaction between 
the magnetic dipoles of the spinning electron and the nuclear spin, 2) an orbital-dipole 
interaction between the magnetic field and 3) the interaction between the electron and 
nuclear spins, the Fermi-contact. In general, calculation of coupling constants J is 
based on the Fermi-contact term. 
The paramagnetic spin-orbit (PSO), diamagnetic spin-orbit (DSO), 
Fermi-contact (FC)，and spin-dipole (SD) are found to contribute to the coupling 
constant J. Both the FC and the SD term are related to a spin polarization, while the 
other two terms are associated with orbital currents. However, it has been proved by 
Del Bene (2.10) that the Fermi-contact term strongly dominates the J-coupling. The 
overall contribution of the Fermi-contact term on the coupling constant is an order of 
magnitude larger than any other aforementioned term (2.10). 
In this study, finite perturbation theory (FPT) accompanied with density 
functional theory (DFT) was used. 
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KXH is the reduced isotropic coupling constant between atoms X and H and the 
expression for the coupling constant KXH is 
K x h =(寻 P)2兀入-1.1 P^v (I^H) < V |S(rH)| 小v� (2.6) 
|LIV 
where 
P is the Bohn magneton, 
入 is the perturbation parameter which indicates the perturbation added, 
is the spin-density matrix, 
is the Dime-delta function representing the interaction between electron 
and nucleus, \x and v are the atomic orbitals. 
The value of KXH in equation 2.6 can be obtained by using the program 
implemented in Gaussian. The input keyword for calculation is represented as F(M)N 
form where M designates a multipole, and F(M) designates a Fermi contact 
perturbation for atom M. 
The relation of the isotropic coupling constant KXH to the usual value JXH is 
JxH = (r|/4TcOYHYxKxH 
where y x and Y h are the nuclear magnetogyric ratios for nuclei X and H, 
respectively. 
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2.2.4 Wiberg bond index 
The Wiberg bond index (WBI) is a measure of the bond order based on the 
natural bond orbital analysis. (2.7). Unlike the concept of bond order and indices 
which were commonly used in classical theory of valence, the quantity of W B I is 
generally regarded as an “overlap” population. Through the computation of W B I 
values, the covalency of the chemical bond can be approximately revealed. Although 
they do not have values close to one and two for the single and double chemical bonds, 
it has been shown analytically that the W B I coincides with the 'chemist's bond order' 
for diatomic systems (2.11). In contrast to the Coulson M O bond order, Wiberg's 
index is intrinsically positive with no distinction between the net bonding or 
anti-bonding character of the density matrix elements. 
The W B I of a hydrogen bond X...H can be represented as follow: 
W B I X H 二 S Z P PQ2 (2.8) 
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2.3 Methodology 
Two D N A dodecamer sequences d(5'-Gl G2 C3 A4 A5 G6 A7 A8 A9 CIO Gil 
G12-3,)2 and d(5'-Gl G2 C3 A4 A5 A6 A7 A8 A9 CIO Gil G12-3,)2, which were 
studied in detail by solution N M R spectroscopy (Figure 2.3a，2.3b) were obtained 
from Protein Data Bank (PDB codes: 1G14 and IFZX respectively ). To focus the 
study on hydrogen bonding interaction of the interior part of D N A duplex, all the 
water molecules in the N M R structure were removed. 
’ / 么 
m 一 W 
^ ^ 1 ^ 、 4 
(a) (b) 
Figure 2.3a, 2.3b Superpositions of the ten best structures of IFZX (left) and 
1G14 (right) 
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Seven D N A A8A9 dimers from the above family of ten structures were 
constructed and their coordinates were extracted from the corresponding D N A 
dodecamers. For the purpose of this study, A8A9 dimer truncated from sequence A is 
denoted as “A Dimer" and that truncated from sequence B is denoted as “B Dimer" 
and vice versa (Figure 2.3.1a-g). The full A8A9 dimer unit with the individual 
hydrogen bonds were labeled and depicted in Figure 2.3.2. 
B M B ^ B H ^B/m 
H ^ ^ ^ H • ^ H H • ^ H ™ 
ISSS Hmnl 
• • • 
(A) (B) C) 
Figure 2.3.1 a-c The N M R structures of the family of ten sequences. 
Sequence A (left), sequence B(middle) and sequence C (right). 
The arrows indicating the location of three-centered H-bond of 
A8A9 dimer 
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IWBM H H H • B B H ^ H B H l 
•國 
• S B • B H 
(D) (E) (F) 
Figure 2.3.1 d-f The N M R structures of the family of ten sequences. 
Sequence D (left), sequence E (middle) and sequence F (right). 
The arrows indicating the location of three-centered H-bond of 
A8A9 dimer 
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H ^ H H 
m n ^ m 
(G) 
Figure 2.3.1 g The N M R structure of the family of ten sequences - sequence G 
The arrows indicating the location of three-centered H-bond of A8A9 
dimer 
A8 _ ^ 七 N , … H 「 N 〜 6 -
su^r 
7 H2 02 > 
Z sugar 
I ^ ” X • 
phosphate ^ [~7 
backbone T phosphate 
——^/N, N ^ H e a — - - 0 . CH3 backbone 
… … H 孤 
A9 h ^ N ^ / T15 
H2 02 sugar 
Figure 2.3.2 Schematic representation of A8A9 dimer 
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All ab initio density functional results were calculated using the GAUSSIAN 98 
suite of computer programs on our parallelized cluster Pentium 3 and Sun64 Orpin 
computers using LINDA. In order to neutralize the negative charged state of the 
phosphate backbone, two protons for each dimer unit had been added. Partial 
optimization for the added protons dimers were then carried out at the hybrid DFT 
calculations using the UB3PW91/6-311G** level of theory. The so optimized 
geometries were then used to compute the single point energy at the same level of 
theory. 
Natural bonding orbital (NBO) analysis - the lowering effect of the second 
order perturbation energy, E(2) energy, Fermi contact term of J-coupling 
constant/^ JHX and 360° S A N rule were performed using the same level of theory. All 
quantum chemical calculations have been performed using Gaussian 98. 
To investigate the effect of interbase proton transfer on the three-centered 
H-bond strength. Coordinates of hydrogen atoms involving in three-centered H-bonds 
of A7A8A9 trimer were adjusted. Distances between A-H were adjusted from 0.91 A 
to 1.31 人(both bond lengths are 1.01 A at equilibrium) using 0.1 A increment each. 
N B O calculations were then carried out for each of the bond-distance-adjusted 
A7A8A9 trimer models. 
To explore the cooperative character of hydrogen bonding in large D N A 
oligomer, models which consisted of three to five base pairs were studied. For the 
trimer model (2.3.3), A7A8A9, tetramer model (2.3.4), A6A7A8A9, and pentamer 
(2.3.5) model, A5A6A7A8A9, the coordinates of the added hydrogen atoms were 
partially optimized at the UB3PW91/6-311G** level. N B O analyses were then carried 
out followed by the single point energy calculation. 
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Figure 2.3.3 Schematic representation of A7A8A9 trimer 
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Figure 2.3.4 Schematic representation of A6A7A8A9 tetram旦 
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Figure 2.3.5 Schematic representation of A5A6A7A8A9 pentame 
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CHAPTER THREE 
RESULTS AND DISCUSSION 
In the previous chapter, detailed introduction of computational theory and 
quantum chemistry calculation methods have been discussed. In the following 
sections, a series of characterization indexes such as SAN rule, second-order 
perturbation E(2) energy, spin-spin coupling constants as well as Wiberg bond index 
(WBI) for the identification of three-centered H-bonds will be examined. Afterward, 
energetic consequences of transferring a proton toward its proton acceptor and the 
cooperative effect found in different size of (AA)„ oligomers will be discussed. 
3.1 The Nature of three-centered hydrogen bond interactions 
3.1.1 Geometries 
The systems studied with the formation of three-centered H-bonds are 
represented in Figures 3.1.1.1-3.1.1.7. The bond distances and angles of the 
intermolecular, two-centered hydrogen bonds and the three-centered H-bonds are 
summaried in Table 3.1.1.1. 
As partial optimizations are carried out for the hydrogen atoms that are added 
on the phosphate backbone, most of the geometrical parameters of base pairs such as 
bond lengths and bond angles are not notably altered. In short, they are basically 
identical to values obtained from the experimental N M R structure. 
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Figure 3.1.1.1 Three-centered H-bond in A Dimer 
Figure 3.1.1.2 Three-centered H-bond in B Dimer 
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Figure 3.1.1.3 Three-centered H-bond in C Dimer 
Figure 3.1.1.2 Three-centered H-bond in B Dimer 
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Figure 3.1.1.5 Three-centered H-bond in E Dimer 
Figure 3.1.1.2 Three-centered H-bond in B Dimer 
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Figure 3.1.1.7 Three-centered H-bond in G Dimer. 
Table 3.1.1.1 The geometry information of three-centered and intermolecular 
two-centered H-bonds 
A8A9 Bond distance (A) Angle Q ^ ^ 
dimer r(A-H)^ r(H...B)b r(H...B,)c A(AHB)^ A(AHB,)e A(BHB’/  
A 1.01 2.25 2.33 148.6 123.3 87.9 359.8 
B 1.01 2.17 2.45 154.5 123.2 82.0 359.7 
C 1.01 2.21 2.53 156.1 124.2 79.5 359.6 
D 1.01 2.23 2.58 150.5 129.3 80.0 359.8 
E 1.01 2.12 2.64 159.0 122.7 77.2 358.9 
F 1.01 1.79 2.81 166.4 105.4 87.3 359.1 
G 1.01 1.65 2.95 175.6 103.3 81.0 359.9 
A is the proton donor 
H is the hydrogen atom 
B and B' are the proton acceptors 
a. r(A-H) denotes the covalent bond distance between A and H. 
b. r(H.. .B) denotes the intermolecular hydrogen bond distance between H and B. 
c. r(H.. .B’）denotes the three-centered hydrogen bond distance between H and B' 
d. A(AHB) denotes as the angle formed involve A, H and B 
e. A(AHB') denotes as the angle formed involve A, H and B' 
f. A(BHB') denotes as the angle formed involve B, H and B' 
g. SAN is the summation of the bond angles formed around the H atom 
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It is observed that four of the seven three-centered H-bond distances are shorter 
than the vdw radius of 2.6 A for a typical N-H.. .0 bond (3.1), with the largest value 
of 2.95 A and 2.33 A being the smallest. However, from the experimental point of 
view, all of the seven three-centered H-bonds are suggested to be regarded as 
three-centered H-bonds which are within the bond distance range of 2.2 - 3.2 A (3.2). 
The average bond length of the three-centered H-bonds in the A A tract structure, 2.8 
A, is similar to those reported by Nelson et a/.(3.3). Although all of the seven 
three-centered H-bonds conform to the geometry requirement to be considered as true 
H-bonds, it is suggested that the use of the vdw criteria for strong hydrogen bonds is 
applicable, but not for the weaker bond nature of three-centered H-bonds. 
The bond distance of the intermolecular two-centered hydrogen bonds, range 
from 1.65 人 to 2.25 A. According to Jeffery (3.2), the intermolecular two centered 
N-H...0 hydrogen bond can be classified as the moderate type with bond length in 
the proposed range of 1.5 A to 2.2 A and bond angle larger than 130°. 
There is a geometrical feature of hydrogen bonds that is related to the 
three-centered hydrogen bond angles, the Parthasarthy S A N rule (3.4) which can be 
obtained by adding up the three angles around the hydrogen atom. Figure 3.1.1.9 
displays the bond angles formed between A(A8(N6)-A8(H6a).. .116(04)), 
A(A8(N6)-A8(H6a).. .115(04)) and A(T16(04)...A8(H6a).. .115(04)) for each 
A8A9 dimers. It is observed that the equilibrium geometries of the A8A9 dimers 
obtained from different sequences are not significantly different from each other. All 
the seven three-centered H-bonds have SAN in between the range of 350。—360〜 
which confirms that they lie almost in the same plane. Therefore, they conform to the 
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S A N rule. This is mainly due to the result of the significant propeller twist in the AT 
pairs. In fact, it has been demonstrated that the large propeller twist considerably 
improves the three-centered H-bond distance and angle between the base-pair (3.3). It 
is believed that the tendency towards planarity for the three-centered H-bond is 
analogous to the tendency towards linearity for the two-centered hydrogen bond. The 
intermolecular two-centered hydrogen bond angles A8(N6)-A8(H6a).. .116(06) in the 
seven A8A9 studied dimers present average values of 148° to 175°, indicating a trend 
toward linearity in these bonds. It is interesting to note that the greater the directional 
character of these intermolecular two-centered hydrogen bond angles, the stronger the 
three-centered hydrogen bond measured, except for the "D Dimer". 
In general, the AHB' angles are larger than 90°. According to Jeffery (3.2), this 
important deviation from linearity for all three-centered H-bonds indicates that the 
directionality is weak and so are their interactions. Referring to the bond distances and 
bond angles tabulated in Table 3.1.1.1，no direct correlation is found between these 
two structural parameters. 
Three-centered H-bonds with the same N-H...0 hydrogen bond type are found 
for each A8A9 dimers. W e believe this observation could be attributed to two main 
reasons. Firstly, owing to the nonplanar nature of the out-lying NH2 amino groups of 
the adenine base, the two amino hydrogens deviate from the nucleobase plane in one 
direction and easily accommodate an orientation that is least steric hindered with the 
purine ring. In fact the NH2 groups are pyramidal with sp^  hybridization on their 
central nitrogen (3.5-3.7). Such phenomena can be shown by looking at the N M R 
structure of the adenine base displayed in Figure 3.1.1.8. In addition, the involvement 
of the amino NH2 group in the three-centered H-bond interactions is probably 
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responsible for the large propeller twisting of A A tract which forces the N-H group 
from the adenine base more closer to the oxygen atom of the diagonal thymine base. 
^ B I H H 
Figure 3.1.1.8 Pyramidal geometry of adenine amino group 
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Figure 3.1.1.9 Schematic illustration of the SAN of three-centered hydrogen bonds 
found in the A8-A9/T16-T15 dimer 
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3.1.2 Natural bond orbital analysis — Donor-accepter interactions 
In order to further analyse the presence of three-centered H-bonds, N B O 
analysis was conducted on the partially optimized A A dimers. Together with the 
calculation of the second-order perturbation energy, the orbital interaction can be 
traced and the values obtained can be used as a way to quantitatively estimate the 
relative strength of hydrogen bonds. The larger the E(2) value indicates that the more 
the energy lowering effect. The E(2) which reflects the three-centered H-bond 
interaction in A8A9 dimers could be obtained by looking at the LP(04)— 
BD*(N6-H6a) delocalization and the sum of each lone pair to BD* interaction. The 
N B O results calculated with B3PW91/6-3llG(d，p) are listed in Table 3.1.2.1. 
Table 3.1.2.1 The E(2) information of three-centered and intermolecular two-center 
H-bonds 
, 1T… , E(2) energy Bond distance 
Three-centered H-bond 、, 匕】 
A8A9 (kcal/mol) (A) 
dimer Donor Acceptor Acceptor 
“ 、 … ， H...B H...B’ H...B H...B’ 
w m  
A A8(N6)-A8(H6a) T 17(04) T 16(04) 3.00 1.26 2.25 2.33 
B A8(N6)-A8(H6a) T 17(04) T 16(04) 4.24 0.88 2.17 2.45 
C A8(N6)-A8(H6a) T 17(04) T 16(04) 3.64 0.62 2.21 2.53 
D A8(N6)-A8(H6a) T 17(04) T 16(04) 3.18 0.60 2.23 2.58 
E A8(N6)-A8(H6a) T 17(04) T 16(04) 4.96 0.44 2.12 2.64 
F A8(N6)-A8(H6a) T 17(04) T 16(04) 16.36 0.10 1.79 2.81 
G A8(N6)-A8(H6a) T 17(04) T 16(04) 26.62 0.04 1.65 2.95 
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To understand the possible correlations between three-centered H-bond energy 
and the three-centered H-bond geometry, an attempt has been made to quantify the 
bond strength and determine the feasible existence of three-centered H-bond in D N A 
dimers. Seven D N A A8A9 dimers which were obtained from two sources of N M R 
structures are targeted. To investigate the three-centered H-bond on the effect of their 
bond distance, these two parameters are compared and tabulated (Table 3.1.2.1). 
Seven LP(0)今 BD*(N-H) three-centered H-bonding interactions with E(2) 
values in between 0.04 kcal/mol and 1.26 kcal/mol of A8A9 dimers are summarized 
(Table 3.1.2.1). It seems that the intermolecular two-centered hydrogen bonding 
interactions become weaker when simultaneously another three-centered H-bond 
interaction takes place. In another words, this complementary situation could be 
attributed to the competition between the formation of two-centered and 
three-centered hydrogen bonds for the sharing of the same proton donor. Upon 
strengthening of the two-center hydrogen bonds, antibond of A H aligns closer to the 
proton acceptor of the two-centered hydrogen bond. Hence, the LP—BD* 
delocalization for the three-centered H-bonds turn out to be less efficient and less 
readily formed (3.16). 
Data plotted in Figure 3.1.2.2 shows that the shorter the three-centered H-bond 
distances, the larger the E(2) values of the three-centered H-bonds. A similar trend is 
observed for the intermolecular two-centered hydrogen bonds, confirming that 
hydrogen bond strength, is distance dependent. Since E(2) measures the energy 
lowering effect from the orbitals interaction between the lone pair of proton acceptor 
and the anti-bonding proton-proton donor orbital (3.8)，the shorter distance provides a 
more feasible orbital overlapping and thus the charge transfer efficiency. This explains 
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why the intermolecular two-centered hydrogen bonds are generally stronger than the 
three-centered H-bond because of their short bond distances. Moreover, it is observed 
that E(2) decreases exponentially as the hydrogen bond distance increases and 
vanishes gradually as r goes beyond the value of 3.0A. 
A comparison of the trends between the intermolecular two centered hydrogen 
bonds and the three-centered H-bonds reveals that small differences in the change of 
hydrogen bond distance in the case of intermolecular hydrogen bonds correspond to 
fairly substantial changes in their bond strength, but not for the three-centered 
H-bonds. Hence, this suggests that the strength of intermolecular hydrogen bonds 
generally posses a larger extent of covalent character in the hydrogen bonding 
interaction. 
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_ hydrogen bond 
2 5 -
雜 intermolecular, two 
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Figure 3.1.2.2 The relationship between E(2) energy and hydrogen bond distance of 
the intermolecular and three-centered H-bonds of A8A9 dimers 
optimized at B3PW91 functional 
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To further examine the correlation between these two energetic and structural 
parameters a plot of log E(2) versus 1/r is studied as illustrated in Figure 3.1.2.3. On 
the Y-axis, two separate regions can be discerned at the baseline logE(2)=0. When log 
E(2) is negative it means that the bond strength is smaller than 1 kcal/mol. The strong 
intermolecular two-centered hydrogen bonds are mainly distributed on the upper 
positive region and most of the three-centered H-bonds are on the lower negative 
region. These two groups of data are fitted to two lines, with respective correlation 
coefficient of 0.9937 and 0.8752, and with an intersecting point representing 1/r = 
0.44 A'\ Trend line extrapolation leads to the following approximate asymptotic 
values. If computational error of 0.06 kcal/mol is anticipated, then it is suggested that 
three-centered H-bond with 1/r larger than 0.339 A"^  or r smaller than 2.95 A can be 
considered as a true three-centered H-bonding interaction. Such observations can 
tentatively provide a way to determine the existence of three-centered H-bond base on 
the calculated E(2) values, especially when little experimental data are available. 
However, it is believed that a separate plot should better be implemented for different 
type of hydrogen bonds as a few variations on correlation coefficient, different trend 
line cut-off value are anticipated. 
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Figure 3.1.2.3 A plot of second-order perturbation theory of E(2) energies of 
intermolecular and three-centered hydrogen bonding interaction of 
A8A9 dimers optimized at UB3PW91 functional 
Figure 3.1.2.4 shows the relationship between E(2) and hydrogen bond angles 
of the intermolecular two center hydrogen bonds and the three-centered H-bonds of 
A8A9 dimers. A trendline is drawn with correlation coefficient of 0.9327. The plot 
demonstrates that the measured hydrogen bond angles exert a certain effect on 
hydrogen bond strength. The larger the bond angle towards linearity, the greater the 
energy lowering effect. However, when considering the bond strength of 
three-centered H-bond, both bond angle and bond distance parameters should not be 
consider alone as it is likely the strength of hydrogen bonds do not only depend on the 
hydrogen bond distance but are also highly directional. 
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Figure 3.1.2.4 The relationship between log(2) and hydrogen bond angle of 
intermolecular and three-centered H-bonds of the A8A9 dimers 
optimized at B3PW91 functional 
3.1.3 Spin-Spin coupling across the hydrogen bonds, ^^Jxh 
Although three-centered H-bond is not a strong hydrogen bond with full 
electrostatic character, its covalent character can be shown by looking at the scalar 
coupling interactions across the hydrogen bridge. 
Trans-hydrogen bond J-coupling constant can provide an alternative way to 
understand the essential role of three-centered hydrogen bonds in biological system 
which is hardly probed experimentally. Both the three-centered and intermolecular 
two-center trans-hydrogen bond J-coupling constants (^ J^XH) between the hydrogen 
and distant proton acceptor, oxygen, are computed and shown in Table 3.1.3.1. 
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Table 3.1.3.1 Scalar coupling constants ^ Xxof the nuclei between H and X across 
two base pair. 
A8A9 Scalar coupling constant (Hz) Bond distance (A) 
dimer ihj^a ihj^b 『(H.-B)。 r(H...B')' 
A 9.60 2.36 2.25 2.33 
B 47.76 2.41 2.17 2.45 
C 11.56 0.36 2.21 2.53 
D 11.04 0.10 2.23 2.58 
E 17.20 -0.62 2.12 2.64 
F 49.66 -1.80 1.79 2.81 
G 73.96 -1.08 1.65 2.95 
A is the proton donor 
H is the hydrogen atom 
B and B' are the proton acceptors 
a. ihjnB denotes the trans-hydrogen bond j-coupling constants between H and B 
b. IhjHB，denotes the trans-hydrogen bond j-coupling constants between H and B' 
c. r(H.. .B) denotes the intermolecular hydrogen bond distance between H and B. 
d. r(H...B') denotes the three-centered hydrogen bond distance between H and B' 
It is observed that all the entries in the third column of Table 3.1.3.1 have a 
non-zero value. In fact, if three-centered H-bonds possess covalent character, then 
there would be non-zero J-coupling constant values about the three-centered hydrogen 
bridges (3.34). However, three out of seven of the three-centered H-bonds have 
slightly negative J-coupling constant values in between -0.62 to -1.80 Hz, and 
increase to large positive values as r(H...B') becomes shorter than 2.58 A. Compared 
with the positive J-coupling constant reported for the three-centered hydrogen bond, 
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sizable values are obtained for the two-center hydrogen bonds with r(H.. .B) becomes 
smaller than 2.25 A, J-coupling constant range from 9.60 to 73.96 Hz. Accordingly, 
Andrew (3.9) reported that the values of the J-coupling constant can either be positive 
or negative. Pictorial explanations for these findings are given using the following 
diagram. 
A——H B, 




Here, I and 个 represent nuclear spins, and 个 I represent the spins of the pair of 
bonding electrons. Recalling that J-coupling is referred to as spin-spin coupling, two 
nuclei in a molecule which are connected by one bond, H B, can be seen to be 
coupled. Under the effect of an external magnetic field, the nuclear magnetic moment 
of the nuclei H can give rise to a magnetic field and force its unpaired electron to 
reorient. Following the Pauli exclusion principle, the polarization of the electron is 
then transmitted through the bonding orbital by the electron-electron interactions 
which in turn polarizes the magnetic nuclei of the distant proton acceptor B. Under 
this circumstance, a one-bond scalar coupling is then observed between both nuclei. 
Due to the two possible states 1/2 and -1/2 of the spin system, a negative value of the 
J-coupling constant may then be observed when the two coupled nuclear spin vectors 
are parallel with each other. By looking at the diagram above, it is suggested that the 
nuclear spins of the H and proton acceptor B are parallel to each other hence the 
negative J-coupling values when r(H...B') goes beyond 2.58 A. One possibility is due 
to the long three-centered H-bond distances that provide a poor electron-electron 
interaction with a relatively poor orbital overlap. Hence, the electron spins can no 
longer strongly polarize the magnetic nuclei of the distant proton acceptor B，，and the 
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alignment of the nuclear magnetic moments for the H and B' pairs stay parallel, as 
shown in the following scheme. 
A——H B, 
i fl I 
‘^^V^^， 
IhjHB’ <0 
It is expected that contributions to the ^ J^XH will be dominated by the type of 
atoms involves in the coupling and a uniform sign of J-coupling will be anticipated. 
However it seems that this is not the case for the three-centered H-bonds. The plot in 
figure 3.1.2.5 shows that as H...B distance increases, the ^^JXH decreases but the 
variation is nonlinear. The same phenomenon can be observed with the two-centered 
H-bond case. In fact, the distance between the coupling atoms is a dominant factor in 
determining the value of the coupling constant and explains the reason why the ^ J^XH 
for the three-centered H-bonds are generally smaller in magnitude (3.10). It is also 
observed that a small variation of intermolecular hydrogen bond distance causes a 
comparatively large change in the spin-spin coupling constant value which correlates 
well with the results discussed in section 3.2 
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Figure 3.1.2.5 The relationship between j-coupling constant across the hydrogen 
bonds and hydrogen bond distance of intermolecular and 
three-centered H-bonds 
Together with the results displayed in Table 3.1.1.1 a positive correlation 
between ^ J^XH values and hydrogen bond angles is observed, except for the “D Dimer". 
In fact, a recent study done by Scheurer el. al. (3.11) shows that the H-bond scalar 
couplings reduced significantly by approximately 20 to 30% for a decrease in the 
hydrogen bond angle to 140。. 
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3.1.4 Wiberg bond index 
From the N B O analyses, the Wiberg bond index (WBI) can be obtained, which 
is a related measure of M O bond order. As one of the simplest way to measure the 
bond order of chemical bonds, a standard W B I value 1.0 is assigned as the bond index 
for a C-C single bond, while it is 2.0 for a C=C double bond (3.12). 
According to the N B O analyses, there exist donor-acceptor interactions 
between the oxygen lone-pair electrons orbital of 04 and the antibonding orbital of 
N-H group in all of the seven A8A9 dimers, which are consistent with their non-zero 
W B I values obtained in Table 3.1.4.1. The WBIs of all three-centered H-bonds are 
smaller than 1.0，ranging from 0.0009 to 0.0052, implying that they have relatively 
weak donor-acceptor interactions. The data shown in the same table clearly shows a 
gradual increase of W B I for the three-centered hydrogen bond with decreasing 
three-centered H-bond distance, except for the “C Dimer". Judging from analyses on 
the WBIs and the E(2) of the intermolecular A8(N6)-A8(H6a).. .T 15(04) bond in “G 
Dimer", it seems that the bond order is quite small even have the largest E(2) energy 
value. In fact, unlike the classical bond-order itself, W B I is considered an 
approximation to the covalent portion bond order and justified as more overlap equals 
more "bonds" (3.13). Therefore, the trend of the W B I value generally coincides with 
the trend of the E(2) energies in Table 3.1.2.1 which depends on the degree of orbitals 
overlapping. Nevertheless, W B I can be used as a complementary index to examine 
the degree of covalency of the hydrogen bonds in all seven A8A9 dimers. 
A positive correlation is obtained between bond order and E(2) energy as 
demonstrated in Figure 3.1.2.6. 
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The relationship between W B I bond order and E(2) is illustrated in Figure 
3.1.2.6. The results show that the strength of hydrogen bonds is proportional to the 
bond order of the bond between hydrogen and oxygen proton acceptor. 
Table 3.1.4.1 Wiberg bond indexes (WBIs) of the hydrogen bonds between H and X 
across two base pair. 
A8A9 Three-centered H-bond Bond index Bond distance (A) 
dimer Donor Acceptor H...B H...B， r(H...B) r(H...B,) 
A A8(N6)-A8(H6a) T 16(04) 0.0119 0.0052 2.25 2.33 
B A8(N6)-A8(H6a) T 16(04) 0.0161 0.0036 2.17 2.45 
C A8(N6)-A8(H6a) T16(04) 0.0010 0.0028 2.21 2.53 
D A8(N6)-A8(H6a) T 16(04) 0.0129 0.0031 2.23 2.58 
E A8(N6)-A8(H6a) T 16(04) 0.0182 0.0021 2.12 2.64 
F A8(N6)-A8(H6a) T 16(04) 0.0483 0.0009 1.79 2.81 
G A8(N6)-A8(H6a) T 16(04) 0.0677 0.0004 1.65 2.95 
3 0 「 
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Figure 3.1.2.6 Correlation between E(2) of two center and three-centered component 
of hydrogen bond and the corresponding Wiberg bond index 
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3.1.5 Proton transfer - Control of hydrogen bond strengths by a remote proton 
transfer 
It is believed that proton transfer in D N A plays an important role in damaging 
the integrity of nucleic acid components, and contributes significantly to the cause of 
D N A mutation via mispairing of complementary bases (3.14). This section focuses on 
a theoretical study of the effect of hydrogen bond strength with proton transfer 
reaction taking place within a small D N A oligomer. To shorten the computational time 
and target on the snap shot result of this reaction, the geometries of the protons 
involved in the three-centered H-bond formation are manually varied. N B O analysis 
was then carried out for each r(N-H) adjusted models and the strength of H-bonds are 
modulated. The schematic representation is shown in Figure 3.1.5.1. 
u 0.91 -1.31 
H \ 6 b _ ^ 
H. N. Ni H^ - O. CH3 
H2 \ O2 \ 
H《b \ 
H2 O2 
Figure 3.1.5.1 Schematic representation of proton transfer reaction takes place 
between A-T base pairs. The solid arrow indicates the bond involves 
in proton transfer reaction and the dash arrow represents the 
three-centered H-bond 
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Table 3.1.5.1 and Table 3.1.5.2 summarize the E(2) energies of the hydrogen bonds 
found in the A7A8A9 trimer before and after intermolecular proton transfer. Also 
shown in the brankets are the corresponding hydrogen bond distances. The E(2) 
values (Table 3.1.5.1 and 3.1.5.2) of intermolecular hydrogen bonds rise significantly 
when the protons A7(H6a) and A8(H6a) were transferee! toward the distant proton 
acceptor oxygen. For example, while the E(2) of the hydrogen bond 
A7(N6)-A7(H6a)• • • T18(04) is 11.12 kcal/mol at equilibrium (bond length = 1.89A), 
it changed considerably to 43.55 kcal/mol after extending the bond length of 
A7(N6)-A7(H6a) to 1.31 A. The corresponding increment for the A7(N6)-A7(H6a)." 
T 18(04) hydrogen bond energy approaches 391%. A similar trend is observed for the 
case of transferring the A8(H6a) (Table 3.1.5.2)，but with about 543% enhancement. 
The large increase in the hydrogen bond energies in both cases confirm the dominant 
role of the hydrogen bond distance. Hydrogen bond distances go from a value of 
1.98A to 1.61 A and lllk to 1.88A when A7(H6a) and A8(H6a) respectively move 
toward the oxygen, the acceptor. 
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In view of the three-centered hydrogen bonds, a similar trend can also be 
observed. Due to the non-planar nature of the three-centered H-bond, bond lengths of 
three-centered H-bonds with hydrogen atoms involving in proton transfer would also 
be altered. As expected, bond strength of T17(04)• • • A7(N6)-A7(H6a) in Table 3.1.5.1 
and T16(04)…A8(N6)-A8(H6a) in Table 3.1.5.2 are not constant. This is because E(2) 
estimation involves the transfer of electron density from lone pairs of oxygen atom in 
the proton acceptor, nO, to the antibonding orbital of the N-H bond in the proton 
donor, o *(N-H). As discussed earlier on the relationship between E(2) energy and 
bond distance, the longer the hydrogen bond distance, the smaller the E(2) energy of 
the hydrogen bond. It is therefore suggested that shorter distance can provide a better 
way for orbital interaction as well as overlapping between the orbitals of O atoms and 
H atoms. 
It is anticipated that the alteration of hydrogen bond strength is mostly based on 
a function of the hydrogen bond lengths. For this reason, an attempt has been made to 
modulate the strength of those hydrogen bonds with constant bond distances when a 
distant proton transfer reaction occurs. Referring to Table 3.1.5.1 and Table 3.1.5.2, it 
is worthwhile to notice that hydrogen bond strength can be varied even keeping its 
hydrogen bond distance constant. The E(2) energies of intermolecular hydrogen bonds 
A8(N6)-A8(H6a)…T17(04) and A8(N1)…T17(H3)-T17(N3) vary inversely in 
response to the A7(H6a) proton transfer. There is a 0.1 kcal/mol net E(2) decrement 
for the A8(N6)-A8(H6a)."T17(04) hydrogen bond, and 0.34 kcal/mol net increment 
for the second one. It seems that as A7(H6a) is about to depart from the A7(N6) atom, 
at the same time, the strength of the two hydrogen bonds formed on the other 
adenine-thymine base pairs will also be affected even without any structural alteration. 
A similar phenomenon is observed in the case of A8(H6a) proton transfer as 
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illustrated by the data in Table 3.1.5.2. In view of the E(2) energy changes of the 
three-centered H-bonds along with the oligomer size, it is suggested that their bond 
strengths are less likely to be affected, in response to the distance proton transfer 
reaction. 
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Table 3.1.5.1 E(2) energy of the hydrogen bonds found in A7A8A9 trimer with 
A7(H6a) proton transfer. 
Hydrogen bonds E(2) kcal/mol 
r(A7(N6)-A7(H6a)) A 
Two-centered H-bonds 0.91 1.0Uq^ 1.11 1.21 1.31 
A7(N6)-A7(H6a)…T18(04) 6.12(1.98) 11.12(1.89) 17.91(1.79) 28.81(1.70) 43.55(1.61) 
A7(N1)…T18(H3)-T18(N3) 30.40(1.71) 30.46(1.71) 30.94(1.71) 31.22(1.71 ) 31.56(1.71) 
A7(C2)-A7(H2)…T18(02) 0.32(2.70) 0.32(2.70) 0.32(2.70) 0.30(2.70) 0.30(2.70) 
A8(N6)-A8(H6a) • • -T17(04) 4.28(2.17) 4.24(2.17) 4.22(2.17) 4.20(2.17) 4.18(2.17) 
A8(N1)…T17(H3)-T17(N3) 34.34(1.69) 34.26(1.69) 34.48(1.69) 34.56(1.69) 34.68(1.69) 
A8(C2)-A8(H2)...T17(02) 0.84(2.44) 0.84(2.44) 0.84(2.44) 0.84(2.44) 0.84(2.44) 
A9(N6)-A9(H6a) • • • T16(04) 1.34(2.38) 1.34(2.38) 1.34(2.38) 1.34(2.38) 1.34(2.38) 
A9(N1)...T16(H3)-T16(N3) 31.02(1.70) 30.96(1.70) 31.04(1.70) 31.04(1.70) 31.06(1.70) 
A9(C2)-A9(H2)...T16(02) 0.68(2.45) 0.68(2.45) 0.64(2.45) 0.64(2.45) 0.68(2.45 
Three-centered H-bonds 
T17(04) • • • A7(N6)-A7(H6a) 0.04(3.01) 0.14(2.97) 0.28(2.92) 0.52(2.87) 0.78(2.83) 
T16(04)...A8(N6)-A8(H6a) 0.88(2.45) 0.88(2.45) 0.88(2.45) 0.88(2.45) 0.88(2.45) 
A8(02)…A9(C2)-A9(H2) 0.02(2.72) 0.02(2.72) 0.02(2.72) 0.02(2.72) 0.02(2.72) 
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Table 3.1.5.2 E(2) energy of the hydrogen bonds found in A7A8A9 trimer with 
A8(H6a) proton transfer 
Hydrogen bonds E(2) kcal/mol 
r(A8(N6)-A8(H6a)) A 
Two-centered H-bonds 0.91 l.Oleqm 1.11 1.21 1.31 
A7(N6)-A7(H6a)…T18(04) 11.24(1.98) 11.12(1.89) 11.22(1.79) 11.20(1.70) 11.12(1.61) 
A7(N1)…T18(H3)-T18(N3) 30.70(1.71) 30.46(1.71) 30.76(1.71) 31.80(1.71 ) 31.74(1.71) 
A7(C2)-A7(H2)…T18(02) 0.16(2.70) 0.32(2.70) 0.32(2.70) 0.30(2.70) 0.30(2.70) 
A8(N6)-A8(H6a) • • • T17(04) 1.90(2.27) 4.24(2.17) 7.90(2.07) 14.20(1.97) 23.02(1.88) 
A8(N1)…T17(H3)-T17(N3) 34.20(1.69) 34.26(1.69) 34.58(1.69) 34.78(1.69) 34.92(1.69) 
A8(C2)-A8(H2)…T17(02) 0.84(2.44) 0.84(2.44) 0.84(2.44) 0.84(2.44) 0.82(2.44) 
A9(N6)-A9(H6a)...T16(04) 1.34(2.38) 1.34(2.38) 1.32(2.38) 1.30(2.38) 1.28(2.38) 
A9(N1)...T16(H3)-T16(N3) 30.96(1.70) 30.96(1.70) 31.08(1.70) 31.16(1.70) 31.26(1.70) 
A9(C2)-A9(H2)...T16(02) 0.68(2.45) 0.68(2.45) 0.64(2.45) 0.64(2.45) 0.68(2.45) 
Three-centered H-bonds 
T17(04) • • • A7(N6)-A7(H6a) 0.14(2.97) 0.14(2.97) 0.14(2.97) 0.12(2.97) 0.12(2.97) 
T16(04) • • • A8(N6)-A8(H6a) 0.40(2.50) 0.88(2.45) 1.56(2.42) 2.56(2.38) 3.60(2.36) 
A8(02)…A9(C2)-A9(H2) 0.02(2.72) 0.02(2.72) 0.02(2.72) 0.02(2.72) 0.02(2.72) 
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Table 3.1.5.3 E(2) energy of the hydrogen bonds found in A8A9C10 trimer with 
A8(H6a) proton transfer 
Hydrogen bonds E(2) 
r(A8(N6)-A8(H6a)) A 
Two-centered H-bonds 0.91 LOleqm 1.11 1.21 1.31 
A8(N6)-A8(H6a)…T17(04) 2.16(2.26) 4.24(2.17) 7.78(2.08) 13.20(1.99) 21.08(1.90) 
A8(N1).-.T17(H3)-T17(N3) 33.00(1.69) 33.14(1.69) 33.30(1.69) 33.48(1.69) 33.70(1.69) 
A8(C2)-A8(H2)…T17(02) 0.82(2.44) 0.82(2.44) 0.82(2.44) 0.82(2.44) 0.82(2.44) 
A9(N6)-A9(H6a)...T16(04) 1.68(2.38) 1.66(2.38) 1.64(2.38) 1.60(2.38) 1.60(2.38) 
A9(N1)...T16(H3)-T16(N3) 31.00(1.69) 30.94(1.69) 31.12(1.69) 31.20(1.69) 31.28(1.69) 
A9(C2)-A9(H2)...T16(02) 0.68(2.45) 0.68(2.45) 0.68(2.45) 0.68(2.45) 0.68(2.45) 
C10(N4)-C 10(H4a) • • • G15(06) 3.96(2.02) 3.92(2.02) 3.94(2.02) 3.92(2.02) 3.92(2.02) 
C10(N3)…G15(H1)-G15(N1) 23.95(1.73) 23.97(1.73) 23.97(1.73) 23.99(1.73) 24.01(1.73) 
C10(02 …G15(H2a)-G15(N2) 29.01(1.61) 29.06(1.61) 29.04(1.61) 29.05(1.61) 29.07(1.61) 
Three-centered H-bonds 
T16(04)...A8(N6)-A8(H6a) 0.94(2.51) 0.88(2.45) 1.74(2.40) 2.92(2.35) 4.48(2.30) 
G15(06)...A9(N6)-A9(H6a) 0.92(2.12) 0.92(2.12) 0.92(2.12) 0.92(2.12) 0.92(2.12) 
A9(N1)…G15(H1)-G15(N1) 0.04(3.16) 0.04(3.16) 0.04(3.16) 0.04(3.16) 0.04(3.16) 
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Table 3.1.5.4 E(2) energy of the hydrogen bonds found in A8A9C10 trimer with 
A8(H6a) proton transfer 
Hydrogen bonds E(2) 
r(A9(N6)-A9(H6a)) A 
Two-centered H-bonds 0.91 l.OUqm 1.11 1.21 1.31 
A8(N6)-A8(H6a)".T17(04) 4.24(2.17) 4.24(2.17) 4.24(2.17) 4.24(2.17) 4.24(2.17) 
A8(N1)...T17(H3)-T17(N3) 33.16(1.69) 33.14(1.69) 33.14(1.69) 33.16(1.69) 33.32(1.69) 
A8(C2)-A8(H2)…T17(02) 0.82(2.44) 0.82(2.44) 0.82(2.44) 0.82(2.44) 0.82(2.44) 
A9(N6)-A9(H6a) • • • T16(04) 0.72(2.45) 1.66(2.38) 3.12(2.31) 5.36(2.24) 8.44(2.18) 
A9(N1)...T16(H3)-T16(N3) 30.98(1.69) 30.94(1.69) 31.20(1.69) 31.34(1.69) 31.52(1.69) 
A9(C2)-A9(H2)…T16(02) 0.70(2.45) 0.68(2.45) 0.67(2.45) 0.66(2.45) 0.66(2.45) 
C10(N4)-C 10(H4a) • • • G15(06) 4.00(2.02) 3.92(2.02) 3.88(2.02) 3.80(2.02) 3.72(2.02) 
C10(N3)…G15(H1)-G15(N1) 23.95(1.73) 23.97(1.73) 24.01(1.73) 24.09(1.73) 24.17(1.73) 
C10(02)…G15(H2a)-G15(N2) 28.98(1.61) 29.06(1.61) 29.04(1.61) 29.12(1.61) 29.16(1.61) 
Three-centered H-bonds 
T16(04)...A8(N6)-A8(H6a) 0.92(2.45) 0.88(2.45) 0.86(2.45) 0.84(2.45) 0.84(2.45) 
G15(06)...A9(N6)-A9(H6a) 0.20(2.17) 0.92(2.12) 1.80(2.09) 3.06(2.05) 4.60(2.02) 
A9(N1)…G15(H1)-G15(N1) 0.04(3.16) 0.04(3.16) 0.04(3.16) 0.04(3.16) 0.04(3.16) 
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To determine if there is no remote control effect for the three-centered H-bond, 
a A8A9C10 trimer model with the largest three-centered H-bond E(2) energy is 
studied. Similar to the case discussed earlier on A7A8A9 proton transfer, the 
geometry of the protons involved in the formation of three-centered H-bonds is varied. 
Therefore, geometries of A8(H6a) and A9(H6a) are controlled and the results of E(2) 
energy change are given in Table 3.1.5.3 and Table 3.1.5.4. 
Looking at the data in Table 3.1.5.3，it is observed when H6a of adenine base 
moves toward the proton acceptor oxygen atom. The bond strengths of both N-H...0 
and N-H.. .N bonds on the next adenine base were varied. Again, the resultant change 
in E(2) for the N-H.. .N bond is greater than that for the N-H.. .0 bond. The E(2) rises 
from 31.00kcal/mol to 31.28kcal/mol as bond length of A8(N6)-A8(H6a) elongate 
from 0.91 A to 1.31 A, while there is only 0.08kca/mol net E(2) enhancement for the 
N-H.. .0 bond. In the case of A9(H6a) proton transfer in Table 3.1.5.4，despite the fact 
that the base cytosine is located below the point in which proton transfer is taken 
place, the E(2) of both N-H.. .0 and N-H.. .N bonds are not remain the same. The E(2) 
change in opposite directions for these two bonds, but the net E(2) change for the 
N-H...0 bond is +0.28kcal/mol which is much larger than that aforementioned in the 
adenine base, while it is +0.22kcal/mol for the N-H...N bond in the cytosine base. 
Unlike A-T base pair, all of the three intermolecular hydrogen bonds' strength in C-G 
base pair are not constant when the geometry of a distance proton is modified. 
Therefore, this suggests that the strength of intermolecular hydrogen bonds in C-G 
base pair are quite sensitive towards its neighboring geometry change even though it 
seems that there is no direct communication between the two base pairs. Based on this 
finding, one can elucidate the reason for the failure of D N A integrity when there is an 
abnormal proton transfer happening at a distant point. Therefore, this leads to the 
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abnormal weakening of intermolecular hydrogen bond. 
It is interesting to find that all of the N-H...N hydrogen bonds in both A-T and 
C-G base pairs are strengthened wherever proton transfer reaction takes place. This 
reveals a tendency for N-H.. .N bonds to play an important role in keeping the adenine 
base pairs with thymine base and ensure that adenine and thymine are always linked 
together. 
In table 3.1.5.4, an unexpected bond energy change is revealed while 
considering the proton transfer effect on three-centered H-bond. As A9(H6a) moves 
toward its proton acceptor oxygen, the bond strength of A9(N6)-A9(H6a)".T 16(04) 
enhances more than four fold from 1.66kcal/mol at equilibrium state to 8.44kcal/mol 
when the bond length of A9(N6)-A9(H6a) extends to 1.31 A. At the same time, the 
strength of three-centered H-bond T16(04) • • • A8(N6)-A8(H6a) weaken fairly from 
0.92kca/mol to 0.84kcal/mol with the same three-centered H-bond distances. This 
implies that the reduction of N-H...0 three-centered H-bond bond energy is not 
contributed from the distance factor, but the electronic environment. However, it is 
likely that charge density analysis is not appropriate for our characterization as the 
measured charge density may probably a net effect followed by a series of chemical 
reaction, such as charge delocalization and hyperconjligation. Also, it is hardly 
possible for us to determine the atomic charge density before and after three-centered 
H-bond formation by getting rid of the contribution of the two-centered hydrogen 
bonds. In fact, referring to Table 3.1.5.5 no trend is observed in the Natural Population 
Analysis (NPA) of each atoms which are involved in the formation of three-centered 
H-bonds. With the geometry limitation, it reflects the fact that electronic redistribution 
or charge transfer effect may dominate the shifting of the hydrogen bond strength. 
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Therefore, it is difficult to determine the effect of electron density on the E(2) 
variation because of the possible net charge redistribution all over the purine or 
pyrimidine rings. 
Table 3.1.5.5 Natural population analysis of the atoms involve in three-centered 
H-bond for each A8A9 dimers. 
A8A9 dimer Charge density, NPA 
N H O 
A -0.739 0.436 -0.669 
B -0.737 0.438 -0.659 
C -0.741 0.434 -0.658 
D -0.742 0.436 -0.662 
E -0.740 0.436 -0.652 
F -0.740 0.425 -0.656 
G -0.740 0.423 -0.653 
With the simple A A A and A A C trimers on mimicking proton transfer in small 
D N A oligomers, it is intuitively simple for us to understand the relay effects of 
hydrogen bridges in D N A and how does it achieves control over hydrogen bonding. 
An effective remote communication is demonstrated with one proton 
transfer-triggered in both A7A8A9 and A8A9C10 timer models. Though it does not 
bring out any significant change on the energetic parameter of the three-centered 
hydrogen bonds, it is believed that the strength of hydrogen bond can be varied under 
the effect of distant proton transfer within a small D N A system 
According to the definition of E(2) mentioned in chapter two, it is possible for 
us to find the non-conventional C-H...0 hydrogen bonding interaction in our studied 
systems. In fact, more than one C-H...0 interaction is found in our A A A trimer 
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models. However, the S A N measured deviated much more from 360 degree and failed 
to fulfill the S A N rule. Consequently, no detailed discussion will be made from the 
results obtained for this kind of interaction in this study. Still, it is interested to find 
that in each proton transfer cases, bond strengths of C-H...0 bond remain the same. 
The C-H.. .0 bonds in A-T base pairs are therefore suggested to be the most inert ones 
and less likely to be influenced wherever proton transfer reaction takes place. 
The E(2) parameter in Table 3.1.5.1 and Table 3.1.5.2 shows that hydrogen 
bond energies found in A-T base pairs follow the descending order of 
N-H.. .N > N-H.. .0 » C-H.. .0 
Hydrogen bonds formed between N-H group and N are of considerable 
strength when compared with other types of hydrogen bonds studied. The bond length 
difference can account for the relative strength of these three intermolecular hydrogen 
bonds. In turn the nature of the proton acceptor atoms plays an important role in 
determining the interaction length. It is suggested that hydrogen bond length becomes 
shorter when the acceptor atom bears a larger partial negative charge. In fact, NPA 
results summarized in Table 3.1.5.5 are in line with this observation. Moreover, 
nitrogen atoms with more s character can spatially provide a better orbital interaction 
with the H atom. Hence, the directional character, the bond length and the electronic 
nature of the hydrogen bonds are probably the features that allow one to elucidate its 
strength. 
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3.1.6 Cooperative character of hydrogen bonds in short DNA oligomers 
To investigate the cooperatative effect with (AA)n chain length, the sum of the 
hydrogen bond energies of three of the A A dimer including A6A7，A7A8 and A8A9 in 
different (AA)n oligomers are studied. Defined as "E(2) sum" in this study. For 
instance, in A6A7 dimer, a value of E(2) sum can be obtained by adding up the six 
intermolecular hydrogen bonds together. Tables 3.1.5.6-3.1.5.8 present the 
UB3PW91/6-311G** values of the E(2)n^ (j* delocalization energies along the (AA)n 
chains. To ensure the change in E(2) does not come from the distance variation factor, 
all of the bond distances are kept constant. 
The E(2) difference of each D N A oligomers is used as a way to measure the 
degree of cooperativity. Comparison of E(2) values associated with hydrogen bond 
formation for A A steps in dimer, trimer, tetramer and pentamer units demonstrate that 
a small cooperative effect takes place upon increasing the length of the oligomers. 
The E(2) sum of A8A9 dimer enhances slightly from 80.48kcal/mol in its dimer unit 
to 83.04kcal/mol computed for the pentamer unit. Similar trends are demonstrated for 
the cases of A7A8 dimer and A6A7dimer in Table 3.1.5.6 and Table 3.1.5.7 
respectively, upon increasing the oligomer sizes. Increase stabilization of hydrogen 
bond interaction is manifested on the increase of E(2) value when compare with that 
of the dimer unit. The most pronounced hydrogen bond cooperative effect is observed 
for the case of A6A7 dimer (Table 3.1.5.6), with 9.35kcal/mol (10%) net E(2) 
strengths from 86.94kcal/mol (in dimer unit) to 96.29kcal/mol (in pentamer unit). 
This indicates that a positive cooperative effect does exist along the chain length. 
Therefore, it is suggested that donor-acceptor interactions in (A6A7)n, (A7A8)n and 
(A8A9)n oligomers are cooperated. This phenomenon which is well studied by 
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Weinhold cannot be explained by the electrostatic nature of hydrogen bonding 
interaction (3.15)，but the charge transfer interaction. Positive cooperativity emerges 
when a small quantity of charge is transferred between A8A9 and A7A8 in the 
A8A9— A7A8 sense through the formation of three-centered H-bonds. A8A9 
becomes slightly anionic character (A8A9广 and better donor, while A7A8 becomes 
^ I 
slightly cationic in character (A7A8) . Consequently, the A 8 A 9 + A7A8 interaction 
can be improved in a concerted way. A more efficient A 8 A 9 + A7A8 今 A6A7 
interaction is anticipated and leads to the largest AE(2) sum recorded for the A6A7 
dimer. As a way to assist charges move from one place to another, three-centered 
H-bonds should play an important role and act as a bridgehead to allow this 
association to happen. All bond distance are kept constant meaning that the change in 
E(2) does not come from the distance variation factor. However, it is expected that the 
E(2) sum will not expand in an infinite way instead, the hydrogen bond cooperativity 
effect seems to initially increase with the oligomer and will approach to an asymptotic 
value . 
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Table 3.1.5.6 Intermolecular and three-centered hydrogen bond energies of A6A7 
dimer in each size of D N A oligomers 
Hydrogen bonds E(2) energy  
r(H.. .B) 
A-H...B dimer^  trimer tetramer'' pentamer 
A5-T20 base pair 
N6-H6a."04 14.26 1.82 
N1".H3-N3 29.60 1.72 
C2-H2---02 0.24 2.72 
A6-T19 base pair 
N6-H6a...04 22.14 21.08 22.23 22.21 1.67 
N1---H3-N3 29.06 28.80 29.46 30.26 1.73 
C2-H2---02 0.08 0.08 0.08 0.08 2.98 
A7-T18 base pair 
N6-H6a...04 10.09 11.06 11.10 11.06 1.89 
N1-..H3-N3 31.30 31.74 32.12 32.26 1.71 
C2-H2...02 0J6 0.08 0.34 0.34 2.70 
A8-T17 base pair 
N6-H6a---04 4.06 4.20 4.14 2.17 
N1".H3-N3 33.50 34.30 34.26 1.69 
C2-H2...02 0.88 0.84 0.84 2.44 
A9-T16base pair 
N6-H6a."04 1.34 1.34 2.38 
N1---H3-N3 31.20 31.40 1.70 
C2-H2---02 0.68 0.68 2.45 
E(2) sum 86.94 93.62 95.33 96.29 
A-H...B’ 
A6(N6)-A6(H6a).. .T18(04) 0.06 0.06 O M 0.06 3.05 
a. E(2) energies of the hydrogen bonds calculated in A6A7 dimer. 
b. E(2) energies of the hydrogen bonds calculated in A6A7A8 dimer. 
c. E(2) energies of the hydrogen bonds calculated in A6A7A8A9 dimer. 
d. E(2) energies of the hydrogen bonds calculated in A5A6A7A8A9 dimer 
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Table 3.1.5.7 Intermolecular and three-centered hydrogen bond energies of A7A8 
dimer in each size of D N A oligomers  
Hydrogen bonds E(2) energy 
— r(H.. .B) 
A-H...B dimer^  trimer^  tetramer' pentamer  
A5-T20 base pair 
N6-H6a---04 14.26 1.82 
N1".H3-N3 29.60 1.72 
C2-H2---02 0.24 2.72 
A6-T19 base pair 
N6-H6a".04 22.23 22.21 1.67 
N1".H3-N3 29.46 30.26 1.73 
C2-H2."02 0.08 0.08 2.98 
A7-T18 base pair 
N6-H6a."04 11.08 11.12 11.10 11.06 1.89 
N1---H3-N3 30.66 30.46 32.12 32.26 1.71 
C2-H2...02 0.32 0.29 0.34 0.34 2.70 
A8-T17 base pair 
N6-H6a...04 4.08 4.24 4.20 4.14 2.17 
N1...H3-N3 33.34 34.26 34.30 34.26 1.69 
C2-H2...02 0.86 0.84 0.84 0.84 2.44 
A9-T16 base pair 
N6-H6a"-04 1.34 1.34 1.34 2.38 
N1".H3-N3 30.96 31.20 31.40 1.70 
C2-H2...02 0.68 0.68 0.68 2.45 
E(2) sum 80.48 81.38 83.04 83.04 
A-H...B' 
A7(N6)-A7(H6a)...T17(〇4) 0.14 0.14 0.14 0.14 0.96 
a. E(2) energies of the hydrogen bonds calculated in A6A7 dimer. 
b. E(2) energies of the hydrogen bonds calculated in A6A7A8 dimer. 
c. E(2) energies of the hydrogen bonds calculated in A6A7A8A9 dimer. 
d. E(2) energies of the hydrogen bonds calculated in A5A6A7A8A9 dimer 
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Table 3.1.5.8 Intermolecular and three-centered hydrogen bond energies of A8A9 
dimer in each size of D N A oligomers 
Hydrogen bonds E(2) energy 
— ~ r(H.. .B) 
A-H...B dimer^  trimer tetramer'' pentamer 
A5-T20 base pair 
N6-H6a …04 14.26 1.82 
N1...H3-N3 29.60 1.72 
C2-H2---02 0.24 2.72 
A6-T19 base pair 
N6-H6a".04 22.23 22.21 1.67 
N1...H3-N3 29.46 30.26 1.73 
C2-H2---02 0.08 0.08 2.98 
A7-T18base pair 
N6-H6a...04 11.12 11.10 11.06 1.89 
N1...H3-N3 30.46 32.12 32.26 1.71 
C2-H2---02 0.29 0.34 0.34 2.70 
A8-T17 base pair 
N6-H6a".04 4.24 4.24 4.20 4.14 2.17 
N1".H3-N3 33.26 34.26 34.30 34.26 1.69 
C2-H2---02 0.82 0.84 0.84 0.84 2.44 
A9-T16 base pair 
N6-H6a".04 1.36 1.34 1.34 1.34 2.38 
N1...H3-N3 31.24 30.96 31.20 31.40 1.70 
C2-H2---02 0.68 0.68 0.68 0.68 2.45 
E(2) sum 72.48 73.20 73.44 73.56 
A-H...B’ 
A8(N6)-A8(H6a)...T16(04) 0.88 O M ^ 0.90 2.45 
a. E(2) energies of the hydrogen bonds calculated in A6A7 dimer. 
b. E(2) energies of the hydrogen bonds calculated in A6A7A8 dimer. 
c. E(2) energies of the hydrogen bonds calculated in A6A7A8A9 dimer. 
d. E(2) energies of the hydrogen bonds calculated in A5A6A7A8A9 dimer 
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For the case of three-centered H-bonds, no significant E(2) variation is 
observed as one increases the size of the oligomers in all three dimers. It is revealed 




In this study, we have employed high level ab initio theory to investigate 
three-centered hydrogen bonds (TCHBs) in DNA. Following the successful results 
obtained by Pople in calculating the hydrogen bonding interactions in DNA, methods 
of density functional theory at the B3PW91/6-311G** level have been used. 
The presence of the three-centered H-bonds in D N A has been determined by 
studying the structural and energetic properties of a series of A A dimers. W e have 
shown that the results are in good agreement with the experimental data. Four 
characterization indexes including 360° SAN rule, E(2) energy, Wiberg Bond Index 
(WBI) and spin-spin coupling constant have been applied and a set of characterization 
indexes has been successfully developed. 
The results of this study revealed that the three-centered H-bonds are suggested 
to be present but not extending beyond (3.00A) with minimum E(2) bond energy of 
0.06 kcal/mol. Energetically, they are weaker than the regular intermolecular H-bonds, 
and hence, longer hydrogen bond distance is tolerated for the structural determination 
of three-centered H-bonds. Calculated results have shown that the E(2) energy of 
three-centered H-bonds has an exponential relationship with the bond distance. A 
small variation of bond distance in short distance region can lead to a significant 
reduction of bond energy. W e have found that all seven three-centered H-bonds 
conform to the 360° SAN geometry rule. Hence, the four atoms involved in 
three-centered H-bonds formation are in the same plane in each dimer. The covalency 
of the three-centered H-bonds has been illustrated by the non-zero W B I values and the 
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J-coupling. The trend of the W B I values generally parallels with the trend of the E(2) 
energies. The non-zero spin-spin coupling constant (^JXH) values further demonstrate 
that interaction between the hydrogen atom and the acceptor is present. The calculated 
negative ^^JXH values revealed that the three-center H-bonds have a poor 
electron-electron interaction due to the long bond distance with poor orbital 
overlapping. 
W e have also presented N B O analysis of the hydrogen bonds strength on the 
basis of interbase proton transfer in order to demonstrate if there is remote control 
effect on the whole cluster system. The results showed that the site of proton transfer 
can exert a certain effect of hydrogen bonds strength in both type of intermolecular 
and three centered H-bonds. W e have demonstrated that the proton transfer system 
can be viewed as switches with remote communication ability on distance hydrogen 
bonds strength 
Cooperativity effects is evident by increased E(2) energies of (AA)n dimer unit 
upon increasing the size of the oligomers. The sum of E(2) of hydrogen bonds in a 
dimer unit increased up to 10 % in maximum with n=5. 
The results described herein are the first extensive set of calculation used to 
characterize the existence of three-centered H-bonds in D N A base pairs. These 
indexes could be use to predict the existence of three-centered H-bonds in a 
theoretical way which cannot be easily probed experimentally. 
Armed with the knowledge acquired in this study, the role of solvent effect in 
three-centered H-bonds strength associated with proton transfer needs to be further 
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investigated. W e believe, exploration of this aspect can yield new insights toward the 
understanding of D N A mutation mechanism. 
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Supplementary Table 1 Deletion energy of the intermolecular and three-centered 
hydrogen bonds between H and X across two base pair 
A8A9 Deletion energy n 
Three-centered H-bond Distance (A) 
dimer (kcal/mol) 
Donor Acceptor E(H".B) E(H...B,) r(H...B) r(H...B，） 
A A8(N6)-A8(H6a) T16(04) 3.328 1.314 2.25 2.33 
B A8(N6)-A8(H6a) T16(04) 1.463 0.883 2.17 2.45 
C A8(N6)-A8(H6a) T 16(04) 4.053 0.650 2.21 2.53 
D A8(N6)-A8(H6a) T 16(04) 3.578 0.630 2.23 2.58 
E A8(N6)-A8(H6a) T16(04) 5.551 0.439 2.12 2.64 
F A8(N6)-A8(H6a) T 16(04) 17.886 0.126 1.79 2.81 
G A8(N6)-A8(H6a) T16(04) - 0.058 1.65 2.95 
Supplementary Table 2 Intermolecular and three-centered hydrogen bond energies of 
A8A9, A9C10 dimers in different size of clusters 
Hydrogen bonds E(2) energy 
dimer dimer r(H... B) 
A-H...B trimer  
(A8A9) (A9C10)  
A8-T17 base pair 
N6-H6a."04 4.24 4.24 2.17 
N1".H3-N3 33.26 33.14 1.69 
C2-H2...02 0.82 0.82 2.44 
A9-T16 base pair 
N6-H6a---04 1.36 1.68 1.66 2.38 
N1...H3-N3 31.24 30.12 30.94 1.69 
C2-H2---02 0.68 0.68 0.68 2.45 
C10-G15 base pair 
N4-H4a."06 3.94 3.92 2.02 
N3...H1-N1 23.99 23.97 1.73 
02"-H2a-N2 29.01 29.06 1.61 
A-H...B’ 
T16(04)- • • A8(H6a)-A8(N6) 0.88 0.88 2.45 
A9(N1)---G15(H1)-G15(N1) 0.04 0.04 3.16 
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